We studied the distribution of 1-7 bp words in a dataset that includes 139 complete eukaryotic genomes, 33 masked eukaryotic genomes and coding regions from 35 genomes. We tested different statistical models to determine over-and under-represented words. The method described by Karlin et al. has the strongest predictive power compared to other methods. Using this method we identified over-and under-represented words consistent within a large array of taxonomic groups. Some of those words have not yet been described as exclusive. For example, CGCG is over-represented in CG-deficient organisms. We also describe exceptions for widely known exclusive words, such as CG and TA.
Introduction
Since the appearance of the first DNA sequences, there have been studies on their mono-, di-and oligonucleotide composition. With the increasing number of sequenced genomes we are able to discover rules and exceptions of nucleotide word over-and under-representation in different taxonomic groups. Such rules and exceptions can shed light on the mechanisms of evolution and mutagenesis. We consider ubiquitously over-and under-represented words as exclusive and assume a biological reason for the observed over-or under-representation.
DNA molecules within genomes of living organisms consist of four types of nucleotides (letters). Unique sequences consisting of hundreds and thousands of nucleotides form genes. Gene sequences are not random and determine the organism's phenotype. But even short oligonucleotide DNA sequences (words) may be presented in a genome not as randomly as could be expected. One important and well-known example is the under-representation of the word CG (CpG) in the genomes of most species. [1] [2] [3] [4] There appears to be a specific mechanism that leads to the under-representation of CG words, such as CpG methylation. 5, 6 Methylation of CpG is involved in epigenetic regulation 7, 8 and is an important feature of many living organisms. For example, CpG methylation plays a role in the development of certain cancers. 9 Interestingly, there are organisms such as Neurospora crassa
and Saccharomyces cerevisiae which appear to lack the standard CG methylase but demonstrate CG under-representation.
10
Several other known examples of over-and under-represented words exist. For example TA (TpA) is universally under-represented in many genomes, with only a few known exceptions such as vertebrate mitochondrial genomes. 10 Known examples of under-represented trinucleotide words are GCA (and its complement TGC) and CTA (TAG). CTAG is known to be under-represented in Proteobacteria genomes. 11, 12 Homo-oligonucleotides (e.g. AAAA) are often overrepresented. CCA (TGG) is over-represented in some viral and many eukaryotic sequences. 10 Although much investigation was done on oligonucleotide word bias in different organisms, the rapidly increasing number of sequenced genomes and computational power allows us to study the over-and underrepresentation of words in more detail. Specifically, it would be interesting to find new rules of oligonucleotide bias and exceptions to already known rules, especially in the context of evolution. In this study, we update the information on over-and under-represented 1-7 letter words in currently sequenced eukaryotic genomes.
There are several different methods that can be used to measure over-and underrepresentation of words [13] [14] [15] (see Sec. 2 for details). Each method is based on some statistical hypothesis but the predictions of all methods differ from the observed word frequencies. This is why a comparison of different methods is required to determine which method has the strongest predictive power. All statistical methods allow the calculation of the percent of under-/over-representation of a word in a genome (contrast). The closer the predicted values are to the observed ones, the more reliable is the method. The comparison of different statistical methods was another goal of our study. To investigate word composition in coding regions we used cDNA data from EnsEMBL database (http://www.ensembl.org/index.html). The data was acquired for 35 organisms (those that are present both in EnsEMBL and in our set of complete genomes).
Discontiguous words
A discontiguous word of length n is a word that consists of n letters from the A,C,G,T set intermitted by any number of letters N. For example, ANCNNGT is a discontiguous word of length four. An occurrence of a discontiguous word in a genome is a site that fits the word's profile. For example, any site with the sequence AACAAGT or ACCAGGT, et cetera is an occurrence of the discontiguous word ANCNNGT. The frequency of a certain word is the number of occurrences divided by the length of the entire genomic sequence.
Contrast (deviation percent)
Contrast C of a word W = (w 1 · · · w n ) (each w i is one of A, C, G, T) is calculated by the formula C = [(Obs(W) -Exp(W))/Exp(W)] · 100%, where Obs(W) is the number of sites in the genome with the sequence W and Exp(W) is the expected number of sites with the word W according to the statistical model used. Contrast shows a percent of under-or over-representation of the sequence W in the genome. We used the following criteria:
• C(W) < −10% means that the word W is under-represented in the genome; • C(W) > 10% means that the word W is over-represented in the genome.
In all cases under-and over-representation is proved to be statistically significant (P-value < 0.001) even in the smallest genomes.
Statistical models used for computation of Exp(W)
Three groups of methods were used to estimate the expected word frequencies. The first method (i) was previously used for similar purpose by Karlin et al. 15 This method calculates the expected frequencies of words based on the frequencies of all its subwords, including discontiguous ones (see Sec. 2.2).
Methods from the second group use Markov models to calculate excepted word frequencies. For example, one method is known as Markov model of range (n− 2).
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According to this method the expected frequencies of words are calculated from the frequencies of words derived by omitting the left letter, the right letter, and both of those letters. We extended this method by allowing any pair of letters to be omitted, instead of the left and right letters.
Methods from the third group involve dividing a given word into two subwords (discontiguous words allowed). For example, the word ATG can be divided into AnG and nTn, or ATn and nnG, or Ann and nTG. The expected frequencies of words are calculated by multiplying the frequencies of these two subwords.
The formulas for all three groups of methods are given below.
. , where L is the genome length, n is the word length, Π i is the product of frequencies of all (contiguous or discontiguous) subwords of i letters, including discontiguous ones. For example
, where N is for arbitrary letter (so w 1 Nw 3 is a discontiguous word), f is for frequency.
where N i means replacement of w i by N. In the case i = 1, j = n we obtain Exp(W) according to Markov model of rank n − 2. Contrast values were computed for all words of length 1-7 in all genomes using all statistical methods mentioned above. For a word of length n we have tested: (i) one method K, (ii) n(n − 1)/2 methods M, and (iii) (2 n−1 − 1) methods S. For example, for n = 4 we tested 1 + 6 + 7 = 14 different methods. For each pair (genome G, word W) we define the "winner" as a method that predicts the observed number of occurrences of W in G better than all other methods, i.e. for which the expected number of word occurrences is closer to the observed number. The number of trials equals to the number of words multiplied by the number of studied genomes.
"Minimal contrast" method
We define C min (W) as the minimal absolute value among contrasts computed by all methods (i)-(iii). Close to zero value of C min means that at least one of statistical models (i)-(iii) predicts the observed number of W in the genome reasonably well.
We may and will interpret this fact as "nothing extremely exceptional is found in the observed number of word occurrences".
Results and Discussion

Comparison of methods
The Markov model of rank n − 2, which was successfully used for prokaryotic genomes in previous studies, seems to be less applicable to large eukaryotic genomes. The value of C (the difference between the observed and expected number of words in units of standard deviation sigma according to the Markov model) is distributed approximately normally (we have computed such distributions in conjunction with another work). Therefore, P-values can be computed directly by formulas for the normal distribution E = 0, sigma = 1. We observed that C for eukaryotic genomes varies from −2486 to +2672 (for three-letter words). The P-value for C = −30 is less than 10 −197 . Examples of C values for a few genomes is provided in supplementary material http://mouse.belozersky.msu.ru/words/Supple6.xls). Because of this large genome size effect, even the smallest deviations of word frequencies from the expected values turned out to be statistically significant. This is why we estimated under-and over-representation of a certain word in a genome in percents of difference between observed and expected numbers of word occurrences with respect to the expected number and did not use P-value, i.e. statistical reliability of the difference. Following Karlin et al. 15 we call this difference "contrast".
Due to the complexity of word composition in genomic nucleotide sequences it is not obvious which statistical models will give the most reliable predictions of expected word frequencies (which are required to measure contrast). Minimal contrast (see Sec. 2.4 of Methods) allows us to compare the predictive power of different statistical models. Among approximately 11,000 trials (#Words · #Genomes) for three-letter words, the method K (published by Karlin et al. 15 ) was the winner in 38% of cases. The second best method was Markov model of rank n − 2 (30%). We chose method K because it gave minimal absolute values of contrast in more cases than any other method. We could use the minimal contrast itself but the method is very unstable. For example, if method A gave a contrast value of −5% and method B gave a contrast value +5.01%, −5% would be chosen as minimal contrast, but if method B had contrast value of +4.99%, +4.99% would be the minimal contrast value. Thus, very similar data can give significantly different results if minimal contrast is used. This is why using a single method is preferable as it will be safe from the possible effects of small fluctuations.
Single-letter words
The distribution of single-letter frequencies is provided in supplementary material (http://mouse.belozersky.msu.ru/words/). The average C + G content among the eukaryotic genomes is 43.1%. C + G content varies from 19.4% (Plasmodium Exclusive Sequences of Different Genomes 525 falciparum) to 69.5% (Aureococcus anophagefferens). Not surprisingly, the A/T and G/C ratios in complete genomes are always very close to one. The situation is very different in the coding parts of genomes (cDNA). A/T value was significantly different from one in all genomes. The minimal A/T value is observed in Mus musculus genome (1.07) and the highest A/T value is observed in Equus caballus (1.25) . G/C values are usually much closer to one than A/T values, but in most cases are greater than one. Exceptions are: Tetraodon nigroviridis, Sus scrofa, Ornithorhynchus anatinus, Drosophila melanogaster and Bos taurus.
Two letter words
Under-represented
The most universally under-represented word is TA, which is under-represented in 130 out of 139 studied genomes and in all 33 studied masked genomes. In genomes, where TA is under-represented its contrast varies from −56% (Sporobolomyces roseus) to −12% (Theileria parva); the average contrast value across all genomes is −25%. Species in which TA is under-represented represent all studied taxonomic groups except of Placozoa. Even though the under-representation of TA seems to be a universal feature of a large variety of organisms there are a few important exceptions. In Mycosphaerella fijiensis (Fungi) TA is highly over-represented (+40%), in Myceliophthora thermophila, Sporotrichum thermophilum and Thielavia terrestris (Fungi), Acyrthosiphon pisum (Arthropoda), Plasmodium falciparum (Alveolata) and Trichoplax adhaerens (Placozoa) contrast vales are ranged between −10% and 10%. These exceptions might shed some light on the origin of TA underrepresentation and the putative biochemical mechanisms causing this major trend. For comparison, AT is under-represented in only 41 genomes and over-represented in none.
It is worth mentioning, that the genome of one organism listed above, Acyrthosiphon pisum has many unique features (in the genome of this species TA is not under-represented and CG is over-represented to name a few). This observation is in agreement with a published EST study, which also found considerable bias in Acyrthosiphon pisum nucleotide sequences. 16 This organism is interesting for having close relationships with bacterial and fungal symbionts. One of the previously suggested explanations for TA pair under-representation is based on the observation that TpA has the least thermodynamically stable DNA duplex among all dinucleotides. 17, 18 In this case we would expect thermophiles to especially exhibit this feature. Nevertheless, two exceptions from the TA underrepresentation trend are thermophiles and two are tropical parasites. It would be an interesting task to analyze ecological, biochemical and other features that are correlated with different levels of TA contrast. However, such study will require an intensive analysis, which is beyond the presented work. While TA is the most universally under-represented word (i.e. under-represented in the largest number of species), the strongest rate of under-representation is observed for CG. For example, the average value of CG under-representation for 32 species of Gnathostomata is −77%, while the average value of TA underrepresentation in Gnathostomata is −29%). All deuterostoms display high underrepresentation of CG (smallest under-representation value of −13% is in Ciona intestinalis). Also, this word is under-represented in some other groups (see Table 1 ). In Nematoda and Arthropoda, the situation is diverse among species, and the contrast varies from −14% (Drosophila pseudoobscura) to +66% (Apis melifera). Interestingly, CG is under-represented in all Streptophyta, but highly over-represented in four out of seven Chlorophyta. The under-representation of CG inVolvox is consistent with observed methylase activity.
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Except for TA and CG, only two two-letter words display extra high underrepresentation (less than −30%) in certain organisms. These are CA (and complementary TG) in Micromonas pusilla (Chlorophyta) and Mycosphaerella fijiensis (Ascomycota), as well as CC (and GG) in three species of Chlorophyta: Micromonas pusilla and two species of Ostreococcus. One more example of a notable underrepresented two-letter word is AC (GT), which is under-represented in 79 genomes and over-represented in none.
Over-represented
The word TT (AA) is over-represented (>10%) in 83 genomes and is moderately over-represented (>5%) in almost all (115) analyzed genomes, although some exceptions exist. The highest over-representation (37%) of TT (AA) is observed in Caenorhabditis japonica and negative contrast values are found in five fungi genomes with the strongest under-representation equal to −9% (Mycosphaerella fijiensis). The over-representation of AA (TT) can be a result of retro-transposition of mRNA with poly-A tails into genomes. Thus, over-and under-representation of AA (TT) could indicate the activity and specificity of retro-transposable elements in the studied species.
The word CA (TG) is over-represented in 91 genomes. Interestingly, underrepresentation of this word occurred in certain insects, fungi, algae, as well as Pelagophyceae genomes for a total of nine genomes. In certain cases, the underrepresentation of CA (TG) is very strong, for example, in Mycosphaerella fijiensis (−36%).
Three-and four-letter words
Under-represented
CTA (TAG) is under-represented in all studied species of 13 taxonomic groups out of 25. It is also under-represented in most species of three more taxonomic groups (see Table 1 ). The strongest under-representation (−38%) is observed in two species of Micromonas and species of Ostreococcus (Chlorophyta). The most important exceptions are Gnathostomata, Nematoda and Streptophyta, where CTA Exclusive Sequences of Different Genomes 527 Table 1 . Several examples of notable words. Notations are described in Sec. 3.6.
Word
Fungi (38) Gnathostomata (33) Arthropoda (18) Nematoda (7) Streptophyta (7) Chlorophyta (7) Alveolata (5) Mollusca (2) Bacillariophyta (2) Cnidaria (2) Dictyosteliida (2) Kinetoplastida (2) Peronosporales (2) Rhodophyta (1) Entamoeba (1) Petromyzontidae (1) Cephalochordata (1) Tunicata (1) Echinodermata (1) Annelida (1) Placozoa (1) Heterolobosea (1) Isochrysidales (1) Pelagophyceae (1) Choanoflagellida ( is not under-represented in most species. CTA (TAG) is not over-represented in any of the 139 studied genomes. Another three-letter word CCC (GGG) is under-represented in a large fraction of studied species (see Table 1 ). The strongest under-representation of CCC is observed in Dictyostelium (−45%). GCA (TGC) is under-represented in Nematoda (four out of seven) and Chlorophyta (four out of seven).
The four letter palindrome CTAG was mentioned in previous studies as an under-represented word in Proteobacteria. 11 In our dataset it is under-represented in 28 species out of 139 (see supplementary table at (http://mouse.belozersky. msu.ru/words/)).
Over-represented
The three-letter word TGG (CCA) is over-represented in most Gnathostomata (26 out of 32 species). The lowest contrast value of TGG (CCA) among all studied Gnathostomata is +3% (Xenopus tropicalis). CGCG is the most over-represented word in Gnathostomata (up to +101% in Monodelphis domestica), with only six exceptions in 32 species. It is also overrepresented in four out of six studied Streptopthyta and in both studied Mollusca. There is an important difference in the distribution of the two most universally under-represented words: CG and TA. TA is evenly distributed along genomic DNA sequences, while CG is concentrated in CpG islands. This results in an overrepresentation of CGCG tetra-nucleotides in genomes with under-representation of CG. It appears that there is no such trend for TATA tetra-nucleotides. Among the Gnathostomata only the genome of Ornithorhynchus anatinus has a slight underrepresentation of CGCG (−14%), which could indicate the absence of CpG islands in this organism. This observation requires further investigation. Interestingly, CGCG is over-represented in some Streptophyta (four out of six species) and CG is under-represented in all studied Strepthophyta. This correlates with the established fact that certain plants have a CpG specific methyltransferase 20 and some have CpG island-like clusters. 21 Similarly, it is known that Mollusca have methyltransferase activity, which correlates with the under-representation of CG and over-representation of CGCG. We confirmed the existence of CpG methylase in Aplysia californica 22 by showing under-representation of the word CG in its genome.
Overly in 43 of 48 cases of CGCG over-representation, CG is under-represented. In 43 out of 95 cases of CG under-representation, CGCG is over-represented.
Five-, six-and seven-letter words
We were unable to find words of five or six letters that would be systematically overor under-represented in a large number of genomes. However, there are a number of seven-letter words that are over-and under-represented in more than half of species of some taxons (see Tables 2 and 3) . Among the over-and under-represented sevenletter words, most words in all taxonomic groups contain the subword CG. But in in >50% species of a taxonomic group are white figures on dark gray, cases of overrepresentation in >50% species are black figures on white. The number of species in each taxonomic group is shown in brackets after the name of the group. Tables 2 and 3 show numbers of "evolutionary conserved" (in well-presented taxonomic groups) over-and under-represented words. We divided both tables into two halves: words that contain the subword CG and words without the subword CG, to illustrate the exceptional feature of Chlorophyta which is highlighted in the tables.
Comparison with masked sequences
No considerable difference between masked genomes and their related genomes was found in terms of 1-7 bp composition. The word CGGCGAG is 10% more frequent in 20 (of 33) masked genomes than in complete genomes. This is the only such exception. Only a number of low complexity words of five, six, or seven letters are 10% less frequent in 20 or more masked genomes than in complete genomes.
Comparison with coding sequences
Two-letter words express similar trends of over-and under-representation in coding sequences and complete genomic sequences, with TA being under-represented in all studied coding datasets, and CG under-represented in all but two coding datasets (Drosophila melanogaster and Caenorhabditis elegans), consistent with their genomes. However, some deviations from genomic datasets exist. First, there are words such that the contrast of a word is significantly different from the contrast of the complementary word. For example, CC is over-represented in coding sequences of 25 species (of 35) whereas GG is over-represented in coding sequences of one species only. For comparison, in all complete genomes all complementary two-letter words are presented at the same rate. Second, there are words that are systematically more/less frequent in coding sequences than in a complete genome (see Table 4 ). For example, Stop codon TAG is less frequent in coding sequences, which is not a surprise. On the other hand, tryptophan codon TGG is more frequent in coding sequences; this observation is not in accordance with low tryptophan frequency in proteins.
Conclusions
We tested a number of statistical methods and selected the most reliable one for indentifying over-and under-representation of nucleotide words. Application of this method to a dataset consisting of 139 eukaryotic genomes revealed that:
(i) The most ubiquitously avoided word is TA. This word is under-represented in representatives of all studied taxonomic groups proving that this is a universal genomic trend. The more surprising are the few previously unknown exceptions from this trend that were found in our study. Future analysis of these exceptional species may lead to an understanding of the underlying mechanisms that result in the widespread TA deficiency; (ii) The word CG, being also highly under-represented across many genomes, behaves differently from TA. It appears that in many species in which CG is under-represented, the word CGCG is over-represented, while there is no such trend for the word TATA. This could be a result of CG being concentrated in specific areas called CpG islands, while TA is evenly under-represented across the genome. (iii) We found that CG is under-represented in all studied Streptophyta, but highly over-represented in many Chlorophyta. It is a very remarkable difference between two groups of green plants, which likely has a biochemical cause; (iv) We observe a remarkable pattern of taxon-specific under-and overrepresentation of seven-letter words. Most seven-letter words that are consistently over-and under-represented in most (>50%) species from high level taxonomic groups with five or more studied species (Alveolata, Streptophyta, Fungi, Gnathostomata, Nematoda, Arthropoda) contain CG. But in Chlorophyta no seven-letter words containing CG are under-represented and only a few are over-represented under such criteria. At present, we have no explanation for this peculiar result.
The under-representation of the word CTA (TAG) seems to be taxon-specific. CTA is under-represented in all studied species of 13 taxonomic groups out of 25. It is also under-represented in most species of three more taxonomic groups. But in Gnathostomata, Nematoda and Streptophyta CTA is not under-represented in most species.
